Intravascular catheter-associated bloodstream infections significantly increase rates of morbidity and hospital costs. Microbial colonization and development of biofilms, which are known to be recalcitrant to antibiotic therapy, often lead to the loss of otherwise patent vascular access systems. We evaluated a new taurolidine-and citrate-based catheter lock solution (Neutrolin; Biolink Corporation, Norwell, Mass.) for its activity against planktonic microbes, antimicrobial activity in a catheter model, and biofilm eradication activity. In studies of planktonic microbes, after 24 h of contact, 675 mg of taurolidine-citrate solution per liter caused >99% reductions in the initial counts of Staphylococcus aureus, Staphylococcus epidermidis, Pseudomonas aeruginosa, and Entercoccus faecalis. A solution of 13,500 mg/liter was cidal for Candida albicans. Ports and attached catheters inoculated with 50 to 600 CFU of these bloodstream isolates per ml were locked with heparin or the taurolidine-citrate solution. After 72 h, there was no growth in the taurolidine-citrate-treated devices but the heparin-treated devices exhibited growth in the range of 6 ؋ 10 2 to 5 ؋ 10 6 CFU/ml. Biofilms were developed on silicone disks in modified Robbins devices with broth containing 6% serum (initial counts, 10 6 to 10 8 CFU/cm 2 ). The axenic biofilms were treated for 24 h with taurolidine-citrate or heparin. Taurolidine-citrate exposure resulted in a median reduction of 4.8 logs, whereas heparin treatment resulted in a median reduction of 1.7 logs (P < 0.01). No significant differences in the effects of the two treatments against P. aeruginosa and C. albicans were observed. These findings suggest that taurolidine-citrate is a promising combination agent for the prevention and treatment of intravascular catheter-related infections.
Intravascular catheter-related bloodstream infections (CRBSIs) lead to increased rates of morbidity, independently prolong hospital stays, and increase medical costs (13, 20, 24; L. A. Mermel, Letter, Ann. Intern. Med. 133:395, 2000). Insertion site colonization is an important source of microbes that cause CRBSIs; however, intraluminal catheter colonization may be a more important source of CRBSIs in patients with long-term catheterization (17, 21) .
Bacterial and fungal adherence to catheters and/or hostderived proteins on the catheter surface is a prerequisite for implant-associated infections (7) . The organisms within biofilms on a catheter surface possess significantly increased levels of resistance to antimicrobial agents and undergo lower levels of phagocytosis relative to the levels of resistance and phagocytosis for their planktonic counterparts (7) . In addition, supraphysiologic concentrations of antibiotics may be required to eradicate microbial biofilms (5) . The technique of filling indwelling catheters with an intraluminal antimicrobial agent combined with an anticoagulant solution may prevent catheterrelated infections, as high concentrations of active ingredients can be maintained in direct contact with the internal surface of the device for prolonged periods of time (16) .
The current standard of care in many institutions is to use heparin as a catheter lock solution to prevent thrombosis. Bacteria such as staphylococci can survive and grow in heparinlocked catheters (4) since heparin has limited intrinsic antimi-crobial activity (12) . However, preservatives can confer some antimicrobial activity to commercially available solutions (8) . Potential complications of heparin use in catheters exist, such as heparin-induced thrombocytopenia and thrombosis (1) . The use of therapeutic catheter lock solutions containing antimicrobial agents used for systemic therapy, either alone or in combination with anticoagulants, has been described previously (10, 16) . The drawback of such an approach is that it may lead to the emergence of antibiotic resistance (22) . Taurolidine [2 H-1,2,4-thiadiazine-4 ,4Ј-methylenebis(tetrahydro-1,1,1Ј,1Јtetraoxide)] is a derivative of aminosulfonamide-taurinamide. It is a unique, nontoxic substance with antiadherence and immunomodulatory properties (9, 28) . Taurolidine has antimicrobial activity against a broad range of bacteria and fungi (25, 26 ; L. A. Mermel, N. Magill, and S. Zinner, Abstr. 38th Intersci. Conf. Antimicrob. Agents Chemother., abstr. F-190 and F-191, 1998) . It also inhibits Staphylococcus coagulase, a clotting activator not inhibited by heparin, hirudin, or antithrombin (19) , and inhibits other clotting pathways (18) . In solution, taurolidine is present with active equilibrium products and metabolites which act as methylol transfer agents. It is hypothesized that these methylol groups bind irreversibly to bacterial or fungal cell wall constituents and exert their cidal actions (27) . There was no evidence of resistance to taurolidine when it was tested against a broad range of microbial pathogens (25) . Citrate solutions have been demonstrated to maintain patency by preventing blood coagulation and platelet aggregation (2, 3) . Thus, an antimicrobial-anticoagulant catheter lock solution that consists of taurolidine and citrate (23) may possess the desirable attributes of an effective strategy to prevent CRBSIs.
We have performed several in vitro studies to determine the (ii) Test organism preparation. S. aureus, S. epidermidis, and P. aeruginosa were grown on Trypticase soy agar, E. faecalis was grown on brain heart infusion agar, and C. albicans was grown on Sabouraud dextrose agar plates. The isolated colonies were transferred to 5 ml of sterile 0.9% sodium chloride. The inoculum concentration was adjusted to approximately 5 ϫ 10 7 CFU/ml by dilution in NaCl. This study was performed by the use of modified methods of NCCLS (15) .
(iii) Antimicrobial activity tests. Taurolidine-citrate solution (1.35% taurolidine, 2.61% citric acid) was serially diluted in Mueller-Hinton broth. Each dilution was tested in triplicate and was inoculated with the challenge organisms at final concentrations of 5 ϫ 10 5 CFU/ml. The ratio of the taurolidine-citrate solution to the inoculum was 1.0 ml:0.01 ml (by volume). After a 24-h contact period with the microbial inoculum, the number of viable bacteria in each sample was determined by the spread plate method. Serial dilutions were performed (if necessary) in AOAC Letheen broth, and 0.1 ml was transferred to the surfaces of the agar plates. The detection limit was 10 CFU/ml. Inoculated Mueller-Hinton broth to which the test article was not added served as the control. Antimicrobial activity in a catheter model. (i) Test organisms. S. aureus, Staphylococcus hominis, P. aeruginosa, Pantoea agglomerans, E. faecalis, and C. albicans were used to evaluate the taurolidine-citrate solution for its antimicrobial activity in a catheter model. These isolates were from patients with primary bloodstream infections.
(ii) Test organism culture. The test organisms were grown in Trypticase soy broth (TSB; Difco Laboratories, Detroit, Mich.) and were then diluted to between 5 and 60 CFU/0.1 ml in TSB.
(iii) Test device. Study of the antimicrobial activity of the taurolidine-citrate solution in a catheter model was performed with the Dialock Hemodialysis Access system (Biolink Corporation), which consists of a titanium access port and two silicone catheters ( Fig. 1 ).
(iv) Device inoculation and treatment. Approximately 0.15 ml of a test organism in broth was added to each lumen of an access device. Each inoculated device was sealed and incubated overnight at 37°C. After incubation, sterile silicone catheters were connected to each lumen of the device and a sterile needle set was inserted into each lumen of the port. Approximately 2 ml of taurolidine-citrate solution (sufficient to fill the needle set, access port, and catheter) was slowly injected into each access port lumen with a sterile syringe attached to the hub of the needle sets. Catheters were clamped at the distal end as soon as the lock solution filled each lumen, and the needle sets were then removed. The procedure described above was repeated with a separate Dialock set with heparin sodium solution (10,000 U/ml preserved with 0.15% methylparaben and 0.015% propylparaben [Fujisawa USA, Inc., Deerfield, Ill.] was diluted 1:1 with sterile 0.9% saline solution [Abbott Laboratories, Chicago, Ill.] to 5,000 U/ml). Each test system was maintained in a horizontal orientation and incubated at 37°C for 72 h. Each organism was tested in duplicate.
(v) Recovery of treated organisms. After 72 h, each access device and clamped catheter system was removed from the incubator. Prior to detachment of the catheters, all external surfaces of the system were thoroughly wiped with alcohol and allowed to dry completely. Each catheter was separated from the device and supported vertically near the clamp. The catheter fluid was collected by opening the clamps, which allowed fluid to drain from the opposite catheter end into a sterile test tube. A 100-l volume of this fluid from each catheter was transferred to plates containing Trypticase soy agar with 5% sheep blood (BBL Microbiology Systems, Cockeysville, Md.), and the plates were incubated overnight at 37°C. A 5-cm segment was cut from the midsection of each detached catheter, placed in a sterile test tube filled with 3 ml of TSB, sonicated for 1 min, and then vortexed for 15 s. A 100-l volume of the sonicated broth was transferred to blood agar plates, and the plates were incubated at 37°C. A new sterile Dialock needle was introduced into the open lumen of the access port to the docked position and was retracted approximately 5 mm. One milliliter of broth was flushed through the port lumen and collected in a test tube. A 100-l volume of broth was transferred to blood agar plates, and the plates were incubated at 37°C. The broth flushed through each device, the solution drained from each catheter, and the broth of the sonicated catheter segments were serially diluted 10-fold. The detection limits for the cultures of samples from the access port and lumen were 10 CFU/ml; the detection limit for the cultures with sonicated broth of the catheter segment was 30 CFU/ml. Biofilm eradication activity. (i) Test organisms. Isolates were obtained from the following sites: soft tissue (S. aureus, E. faecalis), blood (P. aeruginosa), respiratory tract infection (C. albicans), and central venous catheter (S. epidermidis). The isolates were kindly provided by Robert Arbeit of the Boston Veterans Affairs Hospital and Boston University and were different from those used in the catheter model study.
(ii) Test device preparation . The study of biofilm eradication activity involved biofilm colonization of silicone coupon surfaces (diameter, 0.8 cm; thickness, 1 mm; NuSil 4970) in modified Robbins device flow cells. Detailed information on the Robbins device can be found elsewhere (6) . Silicone coupons were sealed into coupon housings with sealant (Dow Corning 732 silicone; Dow Corning, Midland, Mich.). The coupons were allowed to set for 24 h before they were swabbed with 70% isopropyl alcohol. The completed Robbins devices were sterilized with ethylene oxide.
(iii) Continuous culture of challenge organisms . All isolates were grown on Mueller-Hinton agar (Gibson Laboratories, Lexington, Ky.) for 72 h at 35°C before a single colony was transferred to 20 ml of Mueller-Hinton broth containing 6% (vol/vol) newborn calf serum (Sigma Chemical Co., St. Louis, Mo.). Suspensions of the challenge organisms were washed twice in 100 mM phosphate-buffered saline (PBS) and inoculated into 300 ml of Mueller-Hinton broth with 6% (vol/vol) newborn calf serum in a bioreactor to achieve a final concentration of 1.0 ϫ 10 7 CFU/ml. The bioreactor was maintained at 35°C with an agitation rate of approximately 60 rpm for 24 h. At 24 h, a continuous culture was started with a dilution rate of 15 ml/h. After approximately 12 h, recirculation of the cultures was initiated through each of two separate Robbins devices at a flow rate of 1 ml/min for 72 h in order to establish a biofilm layer on the test coupons.
(iv) Device treatment and posttreatment analysis. Following the 72-h biofilm colonization period, four silicone disks were removed from the device and pro- Four silicone coupons were then aseptically removed from the Robbins devices. Excess liquid was removed by aseptically blotting the edges of the three coupons onto sterile petri dishes. The coupons were then placed in sterile 5-ml tubes with PBS (which had been filtered through a 0.45m-pore size filter) and 3-mm-diameter glass beads. Adherent biofilm bacteria were recovered by low-power sonication of the PBS-coupon tubes in an ice-cold bath five times at 3-s intervals before they were vortexed for 1 min. This procedure has been shown to recover approximately 99% of adherent bacteria from the coupon surfaces (14) . Viable spread plate assays were performed in duplicate with the appropriate dilutions of PBS on Mueller-Hinton agar (Sabouraud dextrose agar was used for C. albicans), with incubation at 35°C for 48 h. Data were normalized to the numbers of viable cells per square centimeter as a function of the treatment solution type and the challenge organism. The minimum detection limit was 100 CFU/cm 2 .
(v) Data analysis. Statistical analyses (ANOVA) were performed with InStat software (version 3.00 for Windows 95; GraphPad Software, San Diego, Calif.).
RESULTS
Activity against planktonic microbes. The MICs and cidal concentrations of the taurolidine-citrate solution are presented in Table 1 . After 24 h, the concentrations of all test organisms in the control solution increased 2 logs from the initial counts (P Ͻ 0.01), as shown in Fig. 2A to E. Treatment with 675 mg of taurolidine-citrate solution per liter led to 2-to 5-log reductions of S. aureus, S. epidermidis, P. aeruginosa, and E. faecalis compared with the counts for the controls (P Ͻ 0.05). Against C. albicans, only the undiluted taurolidine-citrate solution (13,500 mg/liter) was effective and resulted in a 4.2-log reduction compared with the counts for the controls (P Ͻ 0.001). At concentrations as low as 135 mg/liter, the taurolidine-citrate solution significantly inhibited the growth of S. aureus, S. epidermidis, and C. albicans compared to the growth of the controls (P Ͻ 0.05).
Antimicrobial activity in a catheter model. The results obtained for postincubation cultures of broth flushed through the access port, sonicated catheter segment broth, and the con- tents drained from the catheter lumen are presented in Table  2 . Cultures of samples from taurolidine-citrate-treated devices showed no growth, and the concentrations were found to be below the detection limit (P Ͻ 0.001 versus the initial counts). Conversely, the cultures of samples from the heparin-treated devices had growth in the range of 6 ϫ 10 2 to 5 ϫ 10 6 CFU/ml (P Ͻ 0.05 versus the initial counts).The culture of one sample of broth flushed through a taurolidine-citrate-treated access port exhibited 10 2 CFU of P. aeruginosa per ml. The final counts of P. agglomerans in cultures of two samples from tau-rolidine-citrate-treated catheter lumens and one sample from a heparin-treated catheter lumen could not be quantified because the respective cultures dried during the experiments. The counts of S. hominis in the culture of one sample from a heparin catheter lumen could not be quantified for the same reason. Biofilm eradication activity. The viable counts of organisms within biofilms prior to exposure to either taurolidine-citrate or heparin solutions ranged from 10 6 to 10 8 CFU/cm 2 , as shown in Fig. 3 . The viability of each test organism in biofilms following 24 h of exposure to the two test solutions is also shown in Fig. 3 . Taurolidine-citrate was significantly more effective than heparin in eradicating S. aureus, E. faecalis, and S. epidermidis within biofilms (P Ͻ 0.001). After a 24-h exposure to taurolidine-citrate, the counts of the S. aureus, E. faecalis, and S. epidermidis organisms within biofilms decreased 6.0, 4.6, and 4.8 logs from the initial viable counts, respectively (P Ͻ 0.001). The viable counts of these organisms within biofilms were reduced 1.7, 2.0, and 1.4 logs from the initial viable counts, respectively, after 24 h of contact with heparin (P Ͻ 0.01). For C. albicans, neither taurolidine-citrate nor heparin caused a significant reduction in the viable counts compared with the initial viable counts (P Ͼ 0.05). The two treatments led to average reductions of 3.6 and 1.3 logs from the initial viable counts, respectively (P Ͻ 0.01). The taurolidine-citrate and heparin solutions caused 5.0-and 4.9-log reductions in the initial viable counts of P. aeruginosa, respectively (P Ͻ 0.05). For P. aeruginosa, there was no significant difference between the effectiveness of either taurolidine-citrate or heparin treatment (P Ͼ 0.05). The biofilm experiments with P. aeruginosa were repeated five times. The taurolidine-citrate and heparin treatments led to 4.7-and 4.8-log reductions in the number of viable P. aeruginosa organisms, respectively.
DISCUSSION
A lock solution that prevents colonization and that inhibits the growth of biofilm-containing organisms in a catheter lumen (17, 21) , and new strategies must focus on preventing infections emanating from these sources. The use of antimicrobial agents to fill the lumens of catheters has been successful in reducing the risk of CRBSIs (10, 16) . However, the potential for the development of resistance as a result of the widespread use of therapeutic agents may limit the use of systemic antimicrobials in this fashion (22) . Taurolidine is not effective systemically as an antimicrobial agent; however, preliminary clinical studies of its use as a catheter lock solution have been promising (11, 23) . As a lock solution, taurolidine would be expected to prevent colonization of a catheter lumen and inhibit the growth of biofilm-containing organisms in a catheter lumen. In a taurolidine-citrate solution, broad-spectrum antimicrobial activity predominantly resides in the taurolidine component. Experiments with metabolites of taurolidine have revealed that the citrate component in a taurolidine-citrate solution does not contribute to antimicrobial activity (data not shown).
The addition of citrate is expected to reduce the likelihood of catheter lumen occlusion by blood (2) . Taurolidine-citrate solution contains an equivalent of 4% trisodium citrate, nearly 10-fold less than the 46% trisodium citrate which has been associated reported to cause severe adverse events, and the Food and Drug Administration has issued a warning against its use (information can be found at the Food and Drug Administration website [http://www.fda.gov/bbs/topics/ANSWERS /ANS01009.html]). The use of 4% citrate in the taurolidinecitrate solution has not been associated with adverse events (23) .
The results of our in vitro susceptibility studies confirm the observations of previous investigators (25, 26, 27) .
We studied the in vitro activity of a taurolidine-citrate solution and compared it with that of preservative-containing heparin, which is used to flush intravascular catheters. In the studies with catheters, the ports and catheters were inoculated with the test organisms at concentrations (50 to 600 CFU/ml) similar to those that would be expected if contamination of the device occurred from a breach in aseptic technique during its use in human subjects. The taurolidine-citrate solution was effective in preventing the growth of the inoculated organisms. However, the organisms grew in the heparin-treated devices.
The taurolidine-citrate solution was effective at killing a diverse group of bacteria within biofilms, as well as C. albicans, within 24 h. The biofilms were developed under in vitro conditions designed to simulate the in situ catheter environment. The heparin treatment was significantly less effective than the taurolidine-citrate treatment against most of the challenge organisms with the exception of P. aeruginosa and C. albicans organisms within biofilms. The antimicrobial activity of hepa-rin found in the biofilm study may be attributed, in part, to the preservatives contained in the formulation (8) . At concentrations below 6,000 U/ml, preservative-free heparin lacks antimicrobial properties (4) . The commercial formulations of heparin contain preservatives such as methylparaben, propylparaben, or benzyl alcohol. These preservatives may impart antimicrobial action, depending on their concentrations. In the studies with catheters, a commercial formulation of 10,000 U of heparin per ml was diluted to 5,000 U/ml with 0.9% saline. This dilution also caused a 50% reduction in the concentrations of preservatives that may have otherwise reduced the antimicrobial activity of the heparin solution used in experiments with contaminated ports and catheters (data not shown). In contrast to our catheter studies, the biofilm study used a commercial formulation of 5,000 U of heparin per ml without dilution. This undiluted preservative-containing heparin inhibited the growth of the organisms used in our biofilm model. Some of our preliminary unpublished data suggest that heparin flush solutions have reduced antimicrobial activities. Therefore, dilution of solutions of 10,000 U of heparin per ml may result in increased rates of catheter-related infections. This issue warrants further investigation.
Our findings suggest that taurolidine-citrate solution may prevent colonization of catheter surfaces by a broad range of microbial pathogens and may prevent life-threatening CRBSIs during clinical use.
